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Abstract
The recent development of on chip integration of magneto-optic isolators is reviewed.
Two major categories of structural designs for waveguide isolator (nonreciprocal mode
conversion and nonreciprocal phase shift) have both merits and short comings for
integration. The advances in integration techniques and materials related developments in
the last decade are a big step towards monolithic integration of isolator with other optical
devices. But whether or not the integrated magneto-optic isolators will penetrate the
market eventually would also depend not its competing technologies.
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1. Introduction
Optical communication via glass fiber is an attractive technique for high data rate and
long distance transmission. Semiconductor lasers are available as reliable light sources. It
is essential that the laser are protected from reflected light, otherwise they can become
unstable or can even be damaged. For this purpose optical isolators which rely on the
nonreciprocal Faraday rotation of magneto-optical materials, are needed.
The rapid development of optical fiber communication systems requires a high
level of on-chip integration of various optical components. Optical integration doesn't
have the same degree of success as electronics integration. Since 1958, from the first
integrated circuit (IC) to today's high-end microprocessors that contain over millions of
transistors on a single chip, the vast development in IC attributes to the advanced
technology in silicon fabrication. For both systems, there are two primary benefits or the
main motivations for integration: increasing performance and significantly lower costs.
Unlike electronic integration, optical integration involves assembling components that
either perform different functions or are made from different materials. The method of
integration is critical for the gains in performance and cost. So the application and market
size determine which device should be integrated.
As mentioned earlier, the isolator an indispensable part of laser system, thus we
won't achieve complete integration or even subsystem integration without integrating the
it. However, today's conventional optical isolators utilizing non-planar geometries are
bulky and require expensive alignment technique. There is a need in the industry for
inexpensive isolators that can be integrated with other optoelectronic devices on a single
chip. Different ideas have been explored over the last 20 years to solve this problem,
ranging from the conventional to the unconventional ones. In this work, I present a
discussion of the developments in this field over the last decades and some of the
important issues in the design and fabrication of optical waveguide isolators. Theoretical
derivation and experimental details will be presented whenever necessary to facilitate
understanding; however they are not the main focus of the thesis.
In order to appreciate the challenges to the on-chip optical isolators, the first
section will consider the standard operational principle in bulk devices and the typical
materials used. The various structural designs for waveguide isolator based on garnet
materials are then presented. Integration techniques and materials issues associated with
monolithic integration are evaluated in a separate section, where both conventional
garnets and novel non-garnets materials and various material growth techniques are
reviewed. Finally, a competitive and market analysis is presented in the last section,
where competing technologies and market demand are discussed.
2. Conventional Bulk Optical Isolators
2.1 Faraday Rotation
More than 150 years ago, Michael Faraday discovered that linearly polarized light
traveling through a substance experiences a rotation when a magnetic field is applied to
the material. The amount of rotation <p was found to be proportional to the magnitude of
the magnetic field H and to the length of the sample L, 0 = VHL , where the constant of
proportionality V is called the Verdet constant.
A linearly polarized beam of light with a unique electric field can be decomposed
into two circularly polarized beams of equal intensity. These right- and left-circularly
polarized beams propagate simultaneously, but are independent of each other
(orthogonal). For instance, the field E, which is traveling at a certain phase velocity can
really be thought of as a superposition of field E+ and E_ traveling at c/n+ and c/n_ ,
respectively [1]. Therefore, the plane of polarization of the light will rotate through an
coL
angle -= (n,-n_). An applied magnetic field causes the material to become
2c + _
optically active - producing different refractive indices for the two beams so that they
travel at different phase velocities. The physical origin of these different indices of
refraction can be thought of as magnetic-field-induced Larmor precession of electron
dn e
orbits. Therefore, n now becomes a function of co, such that n+ - n- = -- H. Thus,dco mc
after passing through the material, the two beams have a different phase relationship,
resulting in a rotation of the E-vector of the combined beams. The propagation of the
beam of light has to be parallel to the direction of the magnet field in order to observe the
rotation in its plane of polarization. If the field is perpendicular to the beam, then there is
no rotation. And also there should be a medium present where the beam and the magnetic
fields will interact [2]. When non-magnetic materials like copper, lead, tin and silver are
placed between the magnets, they cause no effect to polarized waves [3].
It is important to note that the sign of q does not depend on the sign of the
wavevector of the incoming wave, but only on the sign of H, which is known as
nonreciprocality. It means when a wave propagates through the medium and then is
reflected back along the same path will undergo a rotation of 0 during the first trip and
another 0 rotation during the trip back. So the total rotation with respect to the original
polarization is 2 b instead of 0. This principle is absolutely essential to the construction of
optical isolators.
2.2 Bulk Optical Isolators
2.2.1 Polarization-Dependent Type
In bulk devices, optical isolators are common and their design is fairly well understood.
Commercial optical isolators generally consist of (1) a magnetic garnet crystal having a
faraday effect, (2) a permanent magnet for applying a designated magnetic field, and (3)
polarizing elements with polarization axes offset of 450. A schematic of the structure is
presented in Figure 2.1. A forward light passing the optical isolator undergoes the
following: (1) after passing through the polarizer, the incident light is transformed into a
linearly polarized light; (2) after passing through the Faraday rotator, the polarization
plane is rotated 450; (3) this light passes through the analyzer without loss since its
polarization plane is now in the same direction as the light transmission axis of the
analyzer. In contrast, a backward light undergoes a slightly different process: (1) after
passing through the analyzer, the backward light is transformed in to a linearly polarized
light with a 450 tilt in the transmission axis; (2) after passing through the Faraday rotator,
the polarization place of the backward light is rotated 450 in the same direction as the first
trip; (3) this light is completely shut out by the polarizer because its polarization plane is
now 900 away from the light transmission axis of the polarizer. The performance of
optical isolators is primarily evaluated by their insertion losses and isolation ratio (the
ratio of the optical power propagating backward at the input to the forward power at the
output), both of which are determined by the absorption losses end-face reflectance and
the extinction ratios of optical elements. Commercially available isolators can achieve
isolation ratio of -30 to -65 dB [4].
Analyzer
Analyzer
Polarizer
Polarizer
Figure 2.1 An optical isolator transmits light in one direction (a) and blocks light in the opposite
direction (b).
2.2.2. Polarization-Independent Type
While polarization-dependent optical isolators transmit only the light polarized in a
specific direction, polarization-independent isolators transmit all polarized light.
Consequently, these isolators are frequently used in optical fiber amplifiers. The basic
working principle of a polarization-independent optical isolator was first proposed by
Matsumoto [5]. Its arrangement consists of a Faraday rotator and half-wave plate inserted
between a pair of birefringent crystal plates of equal thickness (as spatial work-off
polarizer, SWP). The birefringent plate functions to split the incident beam into a pair of
orthogonal rays and separate one ray ("E" ray) from the other ray ("O" ray) as they travel
through the plate. This phenomenon of spatial displacement is often referred to as "walk-
off". The two separated components are rotated as they pass through the half wave plate
and Faraday rotator and then enter the second birefringent plate where they are
recombined to form the output signal. Since a Faraday rotator is a nonreciprocal device,
any signal traveling in the reverse direction through the isolator will be physically
separated into orthogonally polarized signals as it passes through both birefringent plates
and will not recombine into the input fiber. In an alternative design, a wedge-shaped
spatial walk-off polarizer was used to bring a large separation of the two polarization
states in backward direction by Shirasaki [6]. The schematic and working principle is
depicted in Figure 2.2.
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Figure 2.2 Schematic diagram of fiber-embedded polarization-independent isolator and its
principle of operation. The above figure and caption are from [6].
2.3 Magnetic Garnet Crystal
Garnet crystals are the typical materials used in bulk isolators to achieve high Faraday
rotation coefficient with low optical losses. The chemical formula of garnets is
{c+3 [a+3](d+3)O12 [7]. That means, there are three different lattice sites for the cations
with respect to the surrounding oxygen anions. The conventional unit cell of a garnet,
shown in Figure 2.3, contains 164 ions. The dodecahedral sites {c} are occupied by rare
earth cations and the octahedral [a] and tetrahedral (d) sites are for iron. The [a] and (d)
sublattices are coupled antiferromagnetically, which yields a ferromagnetic crystal due to
the nonequivalent sublattices. The saturation magnetization Ms given in D6tsch's work is
the vectorial sum of sublattice magnetizations: M,(T) = Md(T) - Ma(T), where Md and Ma
denote the saturation magnetization of the tetrahedral and octahedral sublattices,
respectively [7]. The Faraday rotation of the garnets depends on temperature T, the
optical wavelength X and the sublattice magnetizations.
1 -0 d
Figure 2.3 Arrangement of cations in the garnet structure from Physics of Magnetic Garnets, A.
Paoletti (ed.), New York: North-Holland, 1978.
The most commonly used materials include the ferromagnetic garnet yttrium iron
garnet, Y3Fe5O12 (YIG) and Gallium Gadolinium Garnet, Gd3Ga5O12 (GGG), and
variations including Bi-YIG (bismuth-substituted yttrium iron garnet), which can strongly
enhance the Faraday rotation. An even much higher Faraday rotation is possible, if
cerium is substituted into the garnet crystals instead of bismuth [9]. Although cerium
causes increased optical losses, the figure of merit, Faraday rotation per damping is still
better than for the bismuth substituted films. Other nonreciprocal materials include
terbium gallium garnet, Tb3GasO 12 (TGG), berbium aluminum garnet, Tb3A15012 (TbAIG)
and terbium doped borosilicate glass TbGlass. TGG is used for wavelengths between 500
and 1100nm, and YIG is commonly utilized between 1100 and 2100 nm [9]. Magnetic
garnets can be grown as bulk crystals and also film on garnets substrate can be obtained
by epitaxial method, such as liquid phase epitaxy (LPE) [10], sputter epitaxy (SE) [11 ]
and pulsed laser deposition (PLD) [12].
3. Structures of Waveguide Optical Isolators
Faraday rotation is the standard method of obtaining non-reciprocity in bulk optical
elements. However, it is not so straightforward to reproduce it in an integrated format.
There are many challenges in adapting these approaches to optoelectronic integrated
circuit (OEIC). First, the planer structure breaks the symmetry of bulk devices, called
shape birefringence. Moreover, as film-based devices, different films will be deposited on
a substrate, which lead to second type of birefringence: lattice mismatch. These effects
are undesirable as they disrupt the conversion efficiency between the modes, which
yields elliptically polarized light. In optical isolators, this severely degrades the isolation
since elliptically polarized light is not completely blocked by the polarizer. There are
different attempts to overcome these effects over the years, with different degree of
success regard to isolation efficiency and insertion loss. Second, when integrating
magneto-optic components with semiconductor materials, further difficulties arise, e.g.
difference in refractive index and growth method incompatibility. Third, for an isolator
based on Faraday rotation there must be magnetic field provider and polarization
selectivity. This section focuses on the various structural designs of standalone
waveguide isolators, whereas integration and materials issues will be addressed in the
following section.
3.1 Theoretical Background
Some basic theory behind the waveguide magneto-optics is summarized in this section,
based mainly on the work by D6tsch, et al. [7]. A simple rib waveguide typically used in
integrated optics is shown in Figure 3.1. It is assumed that the waveguides are prepared in
an isotropic, dielectric material and is homogeneous in z-direction, the direction of light
propagation. Different numerical methods can be used to model the field profiles, such
as finite element (FEM), finite difference (FDM), film mode matching (FMM), beam
propagation (BPM), or wave matching method, which is based on a transverse resonance
technique [14].
Figure 3.1 Simple rib waveguide with magneto-optic material core on GGG substrate.
3.1.1 Magneto-optical Effects
The Magneto-optic properties are introduced by perturbation theory. We assume the
substrate and cover layers to be made of lossless isotropic material with homogeneous
permittivity e, = n,2 and c = nc2 . The permittivity tensor for the Magneto-optic core
region is split into the contribution of an isotropic lossless refractive index nf and a
residual Ae, a perturbation as [7]:
100 100 0 MZ -MY
S=n2 0 1 0 +A = n2 0 1 0 +K -M 0 MX 3.1
0 0 1- 0 0 1- MY -M x  0
Mj, j= x, y, z denotes the direction of the magnetization. K is a complex material
parameter K=K'+iK", where K' determines the Faraday ellipticity. The core permittivity
contribution due to the linear Magneto-optic effect can be written
0 M z  -MY1
Amo, = iK"' -M 0 M x  3.2
M, -M x  0
and K" relates to Faraday rotation by
0 r,sal = -ko 2 3.3
2nr
3.1.2 Nonreciprocal TE-TM Mode Conversion
When the magnetization component is in z direction, Mz, which is parallel to the
waveguide axis, the tensor Ac couples the x-component of the quasi TE mode to the y-
component quasi TM mode and it leads to periodical power exchange between these
modes and thus yields mode conversion. This is similar to Faraday rotation in bulk media.
Hence the optical isolators built based on mode conversion are usually categorized by the
adaptation of Faraday rotation scheme in waveguide isolation [4].
By perturbation theory, D6tsch [7] denotes the z-dependent amplitudes of the
normalized modes by ATE(z) and ATM(z), which are varying along z-direction. Assuming
that the propagation starts with a purely TE polarization wave, after propagating along
the device of length L, by mode conversion, the power of TM polarized mode to TE
polarized mode is
ATM (L12 Ik12  sin 2 L + 3.4
A TE(L12 1k 12 +A) 2 2 4
4
where k is the coupling constant k = A dxdy and
From Eqn. 3.4 we can see that a complete mode conversion needs a perfect phase
matching fiTM = 8PTE
3.1.3 Nonreciprocal Phase Shift
The transverse magnetization components Mx and My can induce a change in the
propagation constant f, which also depends on the propagation direction, +z or -z:
fl+Z = fl + and fl-z = - fl . 3.5
Hence, the resulting difference between the forward and backward propagation constant
is Aft = 263 . "This nonreciprocal phase shift doesn't exist in the case of light
propagation in bulk materials, because the effect can be viewed as being immediately
related to material discontinuities. A simple plausible explanation can be given using the
rough zigzag model of mode propagation in dielectric waveguides. Each reflection at the
waveguide boundaries induces a phase shift which depends on the polarization, TE or
TM." [7]. If magnetization is in x-direction, which is along the normal of the substrate, a
nonreciprocal phase shift for the TE mode will be
APrTE 2E Jf(K"Mx )EyyEYdxdy 3.6
normalized by the power flow in z-direction N. And for TM mode, the nonreciprocal
phase shift is induced by y-direction magnetization My which is in plane with the
substrate surface and transverse to light propagation direction,
ATM = 2 TM (K"MY ixaHydxdy 3.7
The double integral can be treated as single integrals along the boundaries where
discontinuity occur if it is assumed that the waveguide cross section can be divided into
rectangles where the material parameters are constant. To achieve a large nonreciprocal
phase shift, it is essential to have a strong discontinuity of Faraday rotation. The
magnitude and sign of the nonreciprocal phase shifts depend on the magnitude and sign
of the Faraday rotation and the geometry of the waveguide [7].
3.2 Nonreciprocal Mode Conversion Faraday Rotators
This fundamental concept for integrated isolators has been first treated by Yamanoto and
co-workders [15]. If the magnetization is parallel to the propagation direction, Faraday
rotation causes coupling between TE and TM modes. The major issue of this concept is
the phase mismatch between TE and TM modes due to the problems inherited with the
waveguides. The main difficulties come from the complexity of fabrication and
stringency of the tolerances required for phase matching [4]. Nevertheless, constant
efforts are put in by a number of researchers over the years. We will see the different
designs that have been proposed and realized in this section.
3.2.1 Birefringence in Garnet Film Waveguide
Undoubtedly the material system which has seen the greatest research activity in
magneto-optic waveguide devices is garnet. These systems usually consist of thin-film
ion garnets (e.g. yttrium iron garnet YIG) grown on a gadolinium gallium garnet (GGG)
substrate. Epitaxial films can be grown with excellent optical quality, large Faraday
rotation and low optical absorption in the hear-infrared region. The garnet thin film
waveguide isolators have potential advantages over the competing bulk crystal garnets
which are currently used in magneto-optic devices, including their low magnetic field
requirement for in-plane magnetic saturation, and the elimination of lens when corporate
with the rest of optical system.
The developments of this kind of isolator focus mainly on the reduction or
elimination of birefringence in the thin film waveguide. Three mechanisms giving rise to
linear birefringence have been identified in the waveguide formation process: shape or
geometrical birefringence, stress-induced or photoelastic birefringence, and growth-
induced birefringence. A fourth effect is magnetic linear birefringence, which is
observed when the magnetization is perpendicular to the direction of propagation of the
light. This effect will be neglected here since the nonreciprocal mode conversation
always requires parallel magnetization to the light propagation direction. Various
methods have been developed to reduce these effects either individually or zeroing out
the net birefringence.
Shape birefringence is the difference between the propagation constants of the TE
and TM modes that propagates in a film. The refractive indices of the TE modes
are larger than those of the corresponding TM modes. Shape birefringence
increases with the optical wavelength and decrease the thickness of the film.
A symmetric cross section in the waveguide can, in principle, reduce the shape-induced
birefringence [4]. LPE-grown buried-channel substituted-YIG waveguides have been
realized through wet etching techniques, followed by cladding overgrowth, shown in
Figure 3.2 [16]. A triangular cross-section waveguides is formed by crystallographic
etching with isolation ratios of -20dB at 1.3 ptm. By comparing A,8 of 300/cm
(Afp = fi M _ fE) for the etched channel waveguide with Af/ of 10700/cm of the not
etched region of the same wafer, there is a significant reduction but not complete
elimination of shape birefringence.
[--!/ltb-i
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Figure 3.2 Fabrication of buried channel waveguides in YIG: (a) planar single-mode waveguides.
The typical thickness of each individual layer is about 5 pm; (b) etched rib waveguide; (c) buried
channel waveguide [16].
Sugimoto et al. reported higher extinction ratio (up to -31dB at X = 1.5 [lm) [17].
A buried square channel waveguide was obtained through the anisotropic dry etching
followed by wet-etch smoothing, with schematic shown in Figure 3.3.
Figure 3.3 Schematic sketch of a cross section of a typical buried channel waveguide [17].
J·"P·x
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Multilayer films have the effect of reducing birefringence of this kind also.
Single-mode films can be made by growing double or triple garnet films on GGG [18,
19]. An intermediate layer grown in between of the active magneto-optic film and the
GGG substrate could reduce the birefringence and increase the conversion efficiency.
The mode conversion in a four-layer (air-cladding-intermediate-substrate) waveguide has
been demonstrated [18]. According to mode coupling theory, the TE-TM mode
conversion efficiency F is given by
F = [I +(A/ 20,)2 3.8
where A/8 (m-') is the propagation constant difference between TE and TM mode, and
OF (m1') is the specific Faraday rotation. The Faraday rotation 8F depends on the guide
layer materials and the propagation constant difference Af/ depends on waveguide
structure. In the four-layer waveguide, a small difference An in refractive index between
guiding layer (nl) and intermediate layer (n2) can result in a high conversion efficiency as
illustrated in Figure 3.4 [18].
0
0- An
45
0 005 0. I
refractive index difference An
Figure 3.4 Relation between TE-TM mode conversion efficiency F and refractive-index
difference An. [18]
At An =0.005, F = 94.6% is possible, but the refractive-index control of both guide and
intermediate layers becomes difficult. A solution that yields both high mode conversion
and the proper value of An is given by using an appropriate film overcoated on the guide
layer instead of air as the cladding layer. By properly choosing the cladding layer, a
maximum 98.2% mode conversion efficiency F can be obtained.
Stress-induced birefringence is observed in any epitaxial film which has a lattice
constant different from that of its substrate.
Even when the asymmetries have been reduced, the internal stress due to mismatch
strain remains in the crystal as a source of linear birefringence. Dammann, et al. [20]
introduced a method to tune the stress-induced birefringence by applying external stress
to the waveguide. In the experiments, a pneumatic table has been used to generate
external pressure, and piezoelectric elements can be employed in working isolators.
Experiments demonstrated that by applying an external stress between 0 to 1.6 kN/cm 2, a
tuning range for Af8 of 2500/cm was achieved. Though the results showed that stress-
induced birefringence can be reduced by external means, no working isolator was
produced.
Growth-induced birefringence is found during the film growth process. When
more than one type of atoms occupies the dodecahedral Y site in garnet crystals,
the nonrandom distribution associated with directional growth from the flux,
gives rise to growth induced magnetic and optical anisotropy. The magnitude and
sign can vary depending on the garnet composition, crystal orientation and growth
conditions. And it is independent of film thickness or wavelength [21].
High temperature annealing was found to have great effect in reducing growth-
induced birefringence in liquid-phase-epitaxial-grown (LPE) Bi-substituted iron garnet
films [22]. The garnet crystal has three different crystallographic sites as described in
section 2.3., i.e. dodecahedral, octahedral, and tetrahedral sites. Bismuth and lanthanoid
ions occupy the dodecahedral sites. Iron and gallium ions distributed over both of the
octahedral and tetrahedral sites. A deformation of the microscopic structure around
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bismuth ions seems to be responsible for the anisotropy. It can be minimized by growth at
the highest possible temperature or high temperature annealing.
Total linear birefringence (shape, stress and growth-induced birefringence) can be
reduced by zeroing out the net effects, utilizing one source of birefringence
against another one.
Wolfe et al. suggested that control of the shape birefringence after film growth
maybe the best way to achieve zero birefringence by canceling it with stress induced part
[21,23]. The refractive indices of the TE modes are larger than those of the corresponding
TM modes in shape birefringence, so it is defined as positive (A/ = rTE -_ TM > 0). In
stress-induced term, the lattice constant of the Bi-YIG films are larger than that of the
GGG substrate, and the films are in compression. In this case, the refractive index for the
TMo mode is larger than that for the TEo mode. Therefore, the stress birefringence and
the shape birefringence are opposite in sign and comparable in magnitude with strains of
the order of 10-4. Furthermore, the shape birefringence has a strong inverse relationship
with film thickness while stress birefringence is independent of it. After the film is
annealed to reduce the growth-induced birefringence to zero, the remaining linear
birefringence can then be reduced to zero by either thinning the top active film using
chemical and plasma etching or increasing its thickness by depositing a covering
dielectric layer. The effect of etching is schematically shown in Figure 3.5 [24]. For the
case illustrated in the figure, the top film is grown in compression and has been annealed
to achieve zero growth-induced birefringence. Its thickness is such that the positive shape
birefringence is smaller than the negative stress birefringence, hence reducing its
thickness will give zero total birefringence.
OFigure 3.5 Shape, stress, and growth-induced linear birefringence vs thickness in a magneto-optic
waveguide (schematic). [24]
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Figure 3.6 Faraday rotation vs. distance in a double Bi-YIG film after wet etching for (1) 0 min,
(2) 10 min, (3) 18 min and (5) 24 min. [24]
Experimental demonstration of the effect of film thinning is shown in the form of
rotation angle versus distance in Figure 3.6 [24]. The as grown film had a birefringence
period of 0.48cm at wavelength of 1.32 pgm. As the film thickness was etched thinner, the
total linear birefringence decreased and the period of oscillation increased. With further
k-'•.3g2n • kmXRi.H2|nll
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thinning, the rotation increased monotonically with distance. Curve 5 with an etching
time of 24 min and film thickness of 2 gLm in Figure 3.6 is where the shape birefringence
just cancels the stress effect, the total linear birefringence is zero and only the Faraday
rotation remains. However, if the negative compressive stress is too large, it may be
necessary to thin the film so much that this layer no longer supports any modes. For such
etch-tuned waveguide devices, this technique is advantages only in thick-film devices.
This process is tedious and only makes sense for research curiosity. For production, more
manufacturing-compatible process needs to be developed.
3.2.2 Quasi-phase Matched Faraday Rotator
Phase mismatch between the birefringence of the films normally results in an oscillatory
behavior in Faraday rotation between small positive and negative angles [25]. Quasi-
phase matching (QPM) of these birefringences through a periodic reversal of the sign of
the Faraday coefficient along the waveguide direction can overcome these problems. This
was first demonstrated by Tien et al. [26] that they used a serpentine electrical circuit
with a period equal to one-half of the birefringent period (the propagation distance over
which the state of polarization repeats itself). The Faraday reversal can also be built into
the garnet film by a permanent reversal of the sublattice magnetization, which was
produced by localized laser annealing of garnet films with a specially designed
composition [25]. The experiment was performed on bismuth and gallium substituted
YIG on GGG substrate. Multimode cw argon ion laser with a power 10% below the
threshold for crystal damage was used to reverse the sublattice dominance and thus the
sign of the magneto-optical rotation at one half of the birefringent period. Figure 3.7
shows the polarization rotation angle as a function of distance. The curve of unannealed
film with oscillating behavior was used to determine the birefringent period. In the film
with laser annealed bands, the rotation increased monotonically with distance.
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Figure 3.7 Polarization rotation for 1.45 pm light vs propagation distance in a 2.8 pm LPE film of
(Bi, Ga) YIG on a GGG substrate. The "bulk garnet" line was calculated for a material with the
same Faraday coefficient (140 0/cm) and no birefringence [25].
Holmes et al. [27] defined the characteristic beat length of the oscillatory
behavior of the polarization as
La# -=_ ~ , 3.9(1(A4brf) +(AMO) 2  1 brf
where Magneto-optic (MO) birefringence AflMo, the sum of sublattice contributions when
introducing MO elements into waveguide structures is a lot smaller compared to Aflbrf
They extended the nonlinearity in optics to Faraday rotation by utilizing an upper
cladding that periodically alternates between MO and non-MO media (Figure 3.8). This
approach realizes the continuous III-V waveguide core propagation. It requires
monodirectional magnetic field, and avoids the complications arising from magnetic field
edge effects and potential demagnetization at the interfaces between the alternately
magnetized elements [27]. The quasi-phase matching concept in cladding layer could
achieve the similar effect as that in core layer (Figure 3.8b). It has not been possible to
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obtain a quantitative value for actual conversion efficiency, but they predicted 60 times
higher than the case in the absence of phase-matching.
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Figure 3.8 (a) Schematic of QPM waveguide structure. It consists of a 4.7 Itm A10.27Gao.73As
lower cladding and a 0.5 gtm GaAs core layer. A 200 nm SiO2 is deposited and patterned with 50%
duty cycle period and Ce-YIG is sputtered. (b) Schematic demonstrating QPM by periodic
domain reversal. [27].
3.2.3 Input Polarization Angle Approach for Rotator with phase mismatch
Since it is extremely difficult to reduce the linear birefringence to zero in practice,
Dammann et al .[28] showed that a perfect extinction of backward propagating light can
be achieved if the input polarization angle is properly chosen in a magneto-optic
waveguide with nonzero linear birefringence. This "trick" is simply to rotate the input
and output polarizers by 22.50 from the principal waveguide direction. It was
demonstrated theoretically by visualizing the mode coupling as "coupling tracks" on the
Poincar6 sphere representation for the states of polarization.
Wolfe et al. extended this method suggested by Dammann to etch-tuned ridge
waveguide isolator and isolation ratios between -32 and -37 dB have been measured over
a wavelength range from 1.43 to 1.58 gim and over a temperature range of ± 30 oC [29].
In a pure etch-tuned ridge waveguide isolator [21], the linear birefringence is tuned to
zero at one chosen wavelength only. For light entering the waveguide in the TE or the
TM mode, isolation is perfect only at this one wavelength. Using the Dammann's "trick",
perfect isolation can be achieved over a wide range of wavelengths since no strict phase
match is required. The main limitation of this method is the induced excess loss in the
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forward direction for which elliptically polarized light is obtained at the end face of the
waveguide. The excess forward loss obtained by Wolfe et al. was ldB or less over the
wavelength range of ± 0.2 jtm. This method provides the one possibility to solve the AP
problem without the need of phase matching AP --+0.
3.3 Nonreciprocal Mach-Zehnder Interferometer Based Isolators
The enormous difficulties to achieve precise phase matching induced the investigation of
other isolator concept. A new concept of isolator based on nonreciprocal phase shift using
Mach-Zehnder configuration was first proposed by Auracher and Witte as far back as
1975 [30]. The application of a transverse magnetic field to the propagation direction
induces the coupling of longitudinal and transverse components of the optical field,
resulting in different propagation constants for forward and backward directions
Af = f.,T - back . This induces a nonreciprocal phase shift of the propagating mode.
Different isolation schemes have been proposed and implemented. Most of them reply on
constructive interference in forward direction and destructive interference in the
backward direction [30-45]. For example, with proper arm length designed in Mach-
Zehnder interferometer, in forward direction, waves propagating along both arms of the
Mach-Zehnder interferometer are in phase, while in backward direction a phase shift of a
occurs to form destructive interference. This type of device operates within a distinct
mode and does not require tight control of birefringence. Also no polarizers are needed
since it relies on the destructive interference of backward propagating waves.
3.3.1 TM Mode Nonreciprocal Phase Shift Isolators
The first illustration of isolator of this type was TM mode [30]. It was not until 1998 that
the TE mode nonreciprocal phase shift isolator was investigated. Figure 3.9 shows the
working principle of Mach-Zehnder interferometer (MZI) waveguide isolator for
transverse magnetic (TM) mode. The Y coupler (A) splits the input light into two beams
of equal amplitude and in phase. Nonreciprocal elements are incorporated in both arms of
the interferometer and they provide a positive or negative 900 phase shift between the two
arms depending on the propagating direction. The magnetizations are at opposite
direction as indicated in the figure in order to achieve such phase shift. For the
interferometer to work as an ideal isolator a positive 900 reciprocal phase shift is needed
in one of the arm and it is achieved by adjusting the optical path difference between the
two arms. So one light travels from A to B, a negative 90' nonreciprocal and a positive
90' reciprocal phase shift cancel each other. The two beams are eventually in phase to
have constructive interference at B and propagate out without much loss. For back
reflected light entering into B, the nonreciprocal phase shift changes its sign i.e. positive
900. This is added with a positive 90' reciprocal phase shift to a total of a 1800 shift.
Hence no output is coupled from A due to destructive interference.
Figure 3.9 Working principle of Mach-Zehnder interferometer waveguide isolator. (Graph based
on [31])
Different proposals for Mach-Zehnder type isolator have been put forward by
many researchers [30, 32, 33]. Figure 3.10 shows a schematic structure of an isolator
from the work by Mizumoto et al. [32]. The two arms of the interferometer are based on
rib waveguides. In order to align the in-plane magnetization and effectively produce the
nonreciprocal phase shift, the magnetic fields generated by an electric current flowing in
an Au electrode were applied in the opposite directions in the two nonreciprocal phase
shifters transversely to the propagation direction. The rare earth iron garnet
(LuNdBi)3(FeA1) 50 12 was LPE grown on GGG substrate as guiding layer. Faraday
rotation obtained at X= 1.31 pm was 6000/cm and the final device length was about 12
mm.
LiMdBi twer1Oo
Figure 3.10 Structure of interferometric waveguide isolator employing the non reciprocal phase
shift [32].
-19 dB of optical isolation in Mach-Zehnder device has been demonstrated by
Fujita et al. [34]. A bismuth- lutetium-, and neodymium-iron garnet film
(Bi,Lu,Nd) 3(Fe,Al) 5,0 12 was grown by LPE on GGG substrate. The Mach-Zehnder
device was patterned by a photolithographic direct laser writing system. The total length
of the fabricated waveguide isolator is 8.0mm with excess loss of 2 dB. With higher
Faraday rotation materials or double-layered garnets can further reduce the device length.
To achieve a large phase shift AP, double layer garnet films with opposite Faraday
rotation were prepared where the boundary between layers was located close to the
maximum of lHy, [35]. Figure 3.11 shows the calculated nonreciprocal phase shift of
the TMo mode for a double and a single layer. For the double layer the maximum of AP is
about 2.5 times larger than that for the single layer. In addition, at a larger film thickness
the dependence of AP on the film thickness is weaker. These properties are important for
practical applications. To reduce the temperature dependence of the positive Faraday-
rotation, a paramagnetic bottom layer with negligible Faraday-rotation was used [36].
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Figure 3.11 Calculated nonreciprocal TMo mode phase shift for a double and a single layer planar
waveguide with a faraday rotation of 1152o/cm at wavelength of X = 1.3 prm. The refractive
indices are nc = 1, nf = 2.33 and n, = 1.95 for the cover, film and substrate, respectively. [35]
Most MZI isolators developed have nonreciprocal components in both
interferometer arms so that the nonreciprocal effects add up. There are also designs with
one nonreciprocal arm with length twice as long as that for isolator with two
nonreciprocal arms [31, 37]. The main advantage of this design is that the whole device is
magnetized in just one direction so that one external bias magnetic field would be enough
to magnetize the isolator. Figure 3.12 shows the basic geometry of this unidirectional
magnetized MZI isolator. In order to have a well defined length for nonreciprocal phase
shifters, Bahlmann et al. [31] replaced the magnetic layer by dielectric film for the rest
reciprocal part. After masking the nonreciprocal waveguide section, the magnetic garnet
film was removed by dry etching and this region was filled with a dielectric layer of the
same refractive index like titanium dioxide.
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Figure 3.12 Basic geometry of Mach-Zehnder interferometer with one nonreciprocal arm. (Graph
based on [31])
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Figure 3.13 shows another design of unidirectional magnetized MZI isolator by
Yokoi et al. [37]. The nonreciprocal phase shifter is a three-layer slab waveguide with the
structure of upper cladding-garent (Ce:YIG)-Substrate. When the upper cladding layer
of arm 1 and that of arm 2 are the same, the nonreciprocal phase shifts produced in the
two arms are identical and hence cancel each other. When the layer structures of arms 1
and 2 are different, there will be propagation constant difference between them. The
upper cladding layer in arm 1 is high-k dielectric materials, e.g. HfO2 and that for arm 2
can be air, SiO 2 or even photo-sensitive materials whose refractive index can be adjusted
under UV irradiation for tuning purpose. With a total device length of 2 mm, an isolation
ratio of approximately 9.9 dB was obtained in the unidirectional magnetic field.
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Figure 3.13 Schematic diagram of an interferometric optical isolator with distinct layer structures
that employs a unidirectional magnetization [37].
3.3.2 TE Mode Nonreciprocal Phase Shift Isolators
Most of the III/V semiconductor lasers are TE polarized. Thus, it is essential to realize
integrated isolators for TE modes, for which the change of the Faraday rotation must take
place along a vertical plane. The reciprocal phase shift of the TE mode was first predicted
by Popkov et al. [38], using a rib waveguide parallel to stripe domains. Fehndrich et al.
[39] did the experimental measurement of the nonreciprocal phase shift of the TE mode
of a rib waveguide using stripe domain lattice parallel to the waveguide having a period
equal to the rib width as shown in Figure 3.14a. The arrangement of domains
perpendicular to the waveguide is used as reference for calculation (right part of Figure
3.14b) because this geometry does not induce a nonreciprocal effect. A phase shift of
IjAf I = (0.8 ± 0.2) cm-' was observed, which was about half of the calculated one. The
probable reasons might be ununiformity of domain structure and defects along the rib.
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Figure 3.14 (a) Principle of the nonreciprocal TE mode phase shift using a stripe domain lattice (b)
experimental arrangements that domain parallel or perpendicular to the rib [39].
The reciprocal phase shift can be enhanced if a vertical compensation wall is used
instead of a domain wall at the waveguide center [40, 41]. The compensation wall (Figure
3.15) is fixed and does not change position by applying an external magnetic field, so the
predicated phase shift is higher, IAf I of 2.9 cm'- , if the compensation wall is located at
the rib center from the work by Wilkens et al. [41]. However a rather small value of
0.7+0.2 cm"1 was observed, which might be due to variation of the compensation wall
along the rib (Figure 3.15b) and the irregularity of cross section of the waveguide. An
isolator concept for TE modes based on this configuration is presented by Bahlmann et al.
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[42]. A schematic illustration of the cross section of the isolator is shown in Figure 3.16.
The sign of the Faraday rotation can be changed in a rectangular area by a special
annealing process. The boundary is designated as a compensation wall. Since the Faraday
rotation switches in one arm from positive to negative and in the other arm from negative
to positive, the nonreciprocal phase shifts add. To obtain the desired performance, the
interferometer arms must be in phase in the forward direction and ir out of phase in
backward direction. This is achieved by a local change in the propagation constant as a
result of modified waveguide thickness. The estimated arm lengths are comparable to
those of TM-mode isolators.
Figure 3.15 (a) The principle of the nonreciprocal TE mode phase shift using a compensation wall
(CW) located inside the rib waveguide (b) Photograph of a compensation wall and a rib
waveguide. The CW is visible by the Faraday contrast and the rib waveguide is marked by the
two parallel lines [41].
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Figure 3.16 Top view (top) and cross-section view (bottom) of Mach-Zehnder interferometer for
TM mode by compensation wall [42].
3.3.3 Polarization Independent Nonreciprocal Phase Shift Isolators
Polarization independent devices are desirable for broader applications. To obtain such
waveguides, discontinuities of the Faraday rotation along horizontal lines as well as along
vertical lines are required. The first such concept was investigated by Zhuromskyy et al.
[43]. This device had horizontal and vertical magnetic domain walls in two
interferometric arms separately to simultaneously induce TE and TM nonreciprocal phase
shifts. Three different structures, rib, square embedded and raised strip waveguide were
simulated and the geometric tolerance were very tough. Fujita et al. [44] proposed a
polarization independent isolator with geometric asymmetry. When waveguide is
symmetrical with respect to the x-z plane and magnetization uniformly along the x axis, it
produces no nonreciprocal phase shift for TE modes. The situation changes in an
asymmetrical waveguide, but the phase shift of the TE mode is quite small compare to
that of the TM mode. There are several advantages of this design: no vertical or
horizontal opposing domain walls are required and fabrication process is simplified. A
I bp
theoretical discussion of four different design concepts to realize optical isolators is
presented in [45]. Figure 3.17 shows structures of the phase shifter with a 900 domain,
compensation wall phase shifter with inclined magnetization, two-layer phase shifter and
asymmetrical waveguide phase shifter. Each of them was optimized to the structure with
equal nonreciprocal phase shifts for the fundamental TE and TM modes.
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Figure 3.17 (a) Phase shifter with 90' domain wall. (b) Phase shifter with 1800 compensation wall
and magnetization inclined by an external magnetic field. (c) Two-layer phase shifter. (d)
Asymmetrical waveguide phase shifter [45].
The most promising structure is depicted in Figure 3.17c which consists of two
layers. The white arrows indicate the direction of the magnetization. The top layer
supports a lattice of parallel stripe domains having a period which equals the rib width or
it has a vertical compensation wall at the rib center. A nonreciprocal phase shift of AP =
40°/mm equal for both TE and TM modes was obtained for the case of the compensation
wall. A Mach-Zehnder type interferometer was designed based on this configuration [45].
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4. The Integration of Waveguide Isolators
Besides the design and fabrication difficulties in the stand-alone waveguide isolators
described in the previous section, more issues arise when we want to incorporate those
waveguide isolators on semiconductor substrate with other optical devices. Basically
various kinds of materials need to be combined into one system using chemical or
physical techniques. Difference in materials properties, i.e. mismatch in refractive index
and lattice constants, leads to structural re-design and modification in fabrication
processes. Though the researches on the waveguide isolators traced back to 1970s, the
integration work is still limited. This section summarizes the current status of integration
work, remaining issues and proposed solutions for practical integration of waveguide
isolators.
4.1 The Hybrid Integration of Nonreciprocal Mode Conversion
Isolators
Sugimoto et al. demonstrated the first integration of isolator on a silica-based planar
circuit [17]. This type waveguide isolator resembles the bulk device, so all the auxiliary
components that the bulk device has need to be integrated with the mode conversion
rotator to one common substrate. Figure 4.1 is the schematic configuration of the device,
which includes a 450 nonreciprocal waveguide rotator (NRWR), a thin film-type half-
wave plate sheet, four thin film-type polarizers and a thin plate-type permanent magnet
on a silica-based planar lightwave circuit. The NRWR was pre-prepared and then
mounted upside down on terraced silicon. Four thin film-type polarizers were inserted in
the grooves located on either side of the RWR chip to realize TE mode operation. To
maintain the mode after rotation, a half-wave plate sheet which functioned as a 450
reciprocal rotator was inserted at the output side between the NRWR and the silicon
waveguide. This whole assembly was then covered with a thin plate type magnet whose
magnetic field direction was the same as that of the light propagation direction. The size
of the chip was 3mm (W) x 8 mm (L) x 1 mm (T). The device has an isolation of 25 dB
at X = 1.5 pm and an insertion loss about 3 dB. It is considered as adequate for the
isolation function in most of the optical system. The main reason for the excess loss
would be the offset in the alignment between the core center positions of the NRWR and
silica based waveguide.
45* NRWR (gamrnet wavcguide)
Sreciprocal rotator
45'NRWRassembly (LAMIPOL, 20m-thick)( 3mm (W) x 8mm (L) x Imm (T))
Figure 4.1 Comfiguration of a hybrid integrated waveguide isolator array fabricated on a silica-
based planar lightwave circuit. The above figure and caption are from. [17]
Though the performance of this particular device fabricated can meet the isolation
requirement of optical system, the complication of such assembly hindered its further
development. The most stringent requirement of fabrication is the waveguide
birefringence reduction as discussed in section 3.2. And the time consuming unautomated
alignment between waveguides becomes another barrier. In addition, two polarizers,
normally set at 450 to each other is required using faraday effect for optical isolation. It is
not obvious to have difficult 450 selectivity waveguide polarizer. So most demonstrations
of optical isolation using Faraday effect used external polarizers or etched slots in base to
insert plate polarizers as demonstrated in this work. As an alternative to using two rotated
polarizers, Huang et al. [46] combines functionalities of the polarizers and half-wave
plate with an asymmetric rib waveguide. They fabricated a GaAs/AlGaAs waveguide
using an anisotropic wet etch to obtain an angled facet on one side of the waveguide as
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shown in Figure 4.2. In such a structure, a solely TE (or TM) polarization results in
beating and periodical rotation between TE and TM modes. This rotation is reciprocal.
Hutchings described a schematic as blueprint for an integrated isolator of such kind
utilizing reciprocal polarization rotation [47].
nl(
Figure 4.2 Asymmetrical rib waveguide which provides a reciprocal polarization rotation [46].
4.2 Designs for Continuous Core Propagation
Most waveguide isolators discussed so far have thin film garnet materials as core
propagation media. For this case, the optical isolators are fabricated separately and then
integrated with other optical devices such as laser diode. The pre-fabricated isolator is
bonded to the common substrate with laser diode. Such integration requires accurate
alignment between the two cores to minimize coupling loss. One of the main purposes for
integration is to eliminate alignment process for isolator and reduce the assembly cost.
Hence this integration method will not achieve true system integration as desired.
Furthermore, as Hutchings pointed out, "the function of isolators is to prevent stray
reflections back-propagating and therefore the isolator itself should not cause back-
reflections" [47]. Reflection would occur whenever light travels through different
materials. Anti-reflective coating is used in bulk isolator to prevent reflection. But for
integrated system, it is important to reduce the reflection between different devices
especially when the mismatch of refractive index is large. So the big difference between
the refractive index of semiconductors and garnets increases the reflection and coupling
losses at the interface. The above reasons largely limit the element hybrid approach.
Garnet Core
Semiconductor
Core
Figure 4.3 Wafer bonding of isolator to semiconductor substrate (After Sakurai et al. [48])
Magneto-optic cladding approach becomes attractive because semiconductor can
serve as core materials for isolator and hence continuous core propagation is achieved.
This provides higher compatibility with other semiconductor optical devices and
facilitates the future monolithic integration of isolator as utilizing the common substrate
would be possible. For nonreciprocal mode conversion isolator, the quasi phase matching
mechanism utilizes magneto-optic garnets as cladding layer, which has been introduced
in previous section. Yokoi and Mizumoto first proposed the nonreciprocal phase shift
isolator with semiconductor guiding layer [49]. This isolator also employed the Mach-
Zehnder interferometer configuration with nonreciprocal phase shifter in two arms same
as described in section 3.3, except that the magnetic garnets served as upper cladding
layer by direct wafer bonding technique (Figure 4.4). In this proposal, garnet was bonded
on GaInAsP/InP structure and the contribution of magnetic garnet to the nonreciprocal
phase shift was weak as the lower cladding materials (InP) had a higher refractive index
than garnets. The first nonreciprocal phase shifter of this kind was fabricated with a
Ce:YIG/GaInAsP/InP structure and an isolation ratio of 4.9 dB was achieved at
wavelength of 1.55 ptm [50]. The evanescent field penetration into garnets could be
improved by replacing InP with materials having refractive index lower than garnet. To
achieve larger nonreciprocal phase shift and shorter device length, garnet on SOI (silicon
on insulator) magneto-optic waveguide was fabricated by wafer bonding [51, 52]. Higher
compatibility with other optical devices is expected since SOI becomes an increasingly
popular platform for optical integration. From the comparison between the waveguides
with three different layer structures garnet/SOI, air/garnet/garnet substrate,
gamet/GaAsInP/InP, two groups reached the same conclusion that garnet/SOI is the most
promising structure among the three because low refractive index material SiO2 is used as
the lower cladding layer which enhance the evanescent field penetrating into the upper
garnet cladding layer [52]. Instead of using magnetic garnet as upper cladding layer,
another configuration was proposed, which has air/TiO2/Ce:YIG structure with TiO 2 as
guiding layer [53]. Double layer TiO 2/garnet serving as guiding layer was also
investigated and it improved the performance compared to single guiding layer.
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Figure 4.4 Schematic illustration of integrated optical isolator fabricated by wafer direct bonding
technique [49].
4.3 Monolithic Integration of Optical Isolators with Laser Diode
Mizumoto proposed the waveguide optical isolator integration with laser diode since the
isolator has GaInAsP guiding layer, which enhance the compatibility with other
semiconductor devices [54]. For proof of concept, a preliminary Fabry-Perot laser
integrated with an optical passive waveguide was designed and fabricated using the wafer
grown by selective-area growth technique [48]. The schematic design and layer structure
are shown in Figure 4.5. By masking a portion of the substrate surface with a dielectric
:
such as SiO 2 before epitaxial growth, the semiconductor layer, whose composition is
locally modified to become suitable for use in active and passive devices, is grown in a
single growth step [55]. Standard photolithography process is used to define the pattern
of a laser stripe and a passive waveguide for an optical isolator. Both vertical and
horizontal alignment can be achieved between two devices. Figure 4.6 shows one of the
mirror facets for a Fabry-Perot laser formed by a narrow groove using focused ion beam
(FIB) etching in the transition region between the active and the passive regions. In order
to form vertical mirror facet, the wafer normal is tilted with respect to the ion beam.
Several excess loss mechanism need to be taken care of in this design: the diffraction loss
in the air gap, the coupling loss at the inclined facet, the reflection caused by refractive
index difference and the propagation loss in the passive waveguide. An estimation of 6.5
dB excess loss is estimated, which can be reduced by careful design of the system and
tighter control of fabrication process.
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Figure 4.5 (a) Schematic drawing of an optical isolator with a semiconductor laser [54]. (b)
Layer structure of the selectively grown wafer [48].
Figure 4.6 Cross-section SEM image of etched groove fabricated by FIB [58].
4.4 Materials Issues Related to Integration Techniques
The critical active element in optical isolator garnet materials are difficult to integrate
with semiconductors due to high thermal budge usually required obtaining the garnet
crystal structure. Current isolator garnets cannot be integrated monolithically into a
photonic integrated circuit due to the growth process of liquid phase epitaxy (LPE). To
develop an effective way of integrating these two kinds of materials occupies researchers'
attention for a long period of time. This section summarizes a few approaches for optical
isolator integration, ranging from developing novel growth method, novel materials, to
exploring the potential of existing semiconductor materials.
4.4.1 Wafer Direct Bonding of Garnets with Semiconductor Materials
Wafer bonding is a promising technique to integrate non growth-compatible materials.
Optical isolators with magnetic garnet as upper cladding layer structure become popular
for high compatibility with other semiconductor devices because they have
semiconductor guiding layer which can be monolithic grown in one step. The upper
cladding magnetic garnet layer of optical isolators (described in section 4.2) were
fabricated by wafer-direct bonding [49-54]. Garnets have been bonded to GalnAsP/InP
wafer with heat treatment at the temperature as low as 220 'C in H2 ambient and showed
sufficient durability against fabrication processes such as high temperature (600 0C)
annealing, semiconductor wet etching and plasma process [49, 54, 56, 57]. Wafer
bonding between Si and the garnet crystal GGG was also successfully achieved with the
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heat treatment at 220 'C in H2 ambient [58]. Izuhara et al. [59] also studied the bonding
between Bi:YIG and Si, GaAs, InP substrate. The Bi:YIG thin film was separated from
GGG substrate by crystal ion slicing technique [60, 61]. Wafer surfaces need treatment
to render the surface hydrophilic prior to bonding. Bonding was performed at 200 'C for
all the three substrates to obtain a bonding strength comparable to Si-to-Si bonding. Due
to the differential thermal expansion of materials, heterogeneous structure would suffer
thermal stress. Above 400 °C, the bonded area starts to decrease rapidly in the case of Si.
However, bonding to InP and GaAs could persist to higher temperatures, 700 oC [59].
Wafer bonding technique was also utilized to hybrid integrate pre-fabricated isolator with
laser diode [62] (as shown in Figure 4.7). Successful bonding between GaInAsP and
GGG was achieved at 220 'C without degradation of the laser diode.
The quality of horizontal interface after bonding is important for low-loss optical
guiding. The smoothness at the sub-wavelength level is difficult to achieve by wafer
bonding method. It makes process very complicated if more components are to be bonded
without automated alignment technique. However, it is still the most promising technique
for hybrid integration of non-compatible materials.
4.4.2 Epitaxial Growth of Garnets on Semiconductor Materials
Some semiconductor friendly processes have been developed for garnet film growth [63-
69]. These films have in-plane magnetization and small coercive fields that are desirable
for waveguide magneto-optic devices. YIG films were fabricated on MgO substrate by
RF sputtering method [63, 64]. MgO is good optical cladding that can be deposited by
sputtering onto semiconductors. In precious study, an MgO buffer layer was proved to be
able to protect semiconductor substrates during subsequent thermal processes at over
850 'C [70]. SiO2 and Si3N4 films were demonstrated to be noncompliant with YIG, as
stress fractured these films [66]. An improved technique which involved a multi-target
reactive RF sputtering system, partial pressure differentials and rapid thermal annealing
produced better results than conventional gas feed-through technique [64, 65]. The
deposition rates are higher and more significantly with a rapid thermal annealing (RTA)
in 02 instead of air, 15 seconds annealing at 750 OC is enough to achieve full
crystallization, a big improvement compared with conventional method of 3 hours at
800 'C [63]. Growth methods for Bi-YIG and Ce-YIG films onto semiconductor
platforms by various techniques have also been developed [63, 67, 68]. Stadler et al.
found that using metal-organic chemical vapor deposition (MOCVD), large amount of Ce
(up to 54%) could be incorporated into the garnet structure because of the nonequilibrium
nature of the technique. Faraday rotation achieved in MOCVD-grown garnet exceeds that
of Bi-YIG by LPE method [67]. Growth parameters need to be further optimized to
enhance the integrity of the film and annealing temperature need to be further reduced to
be compatible with semiconductor processes.
4.4.3 Novel Magneto-optic Materials Compatible with Semiconductor Materials
Some groups are looking at novel non-garnet materials that are semiconductor
compatible, transparent in telecommunication wavelength and have Faraday effect
comparable to garnet. Transition-metal-doped perovskites of the form (ABO 3) are being
studied [71]. Pure perovskites generally are weak ferromagnetic, but doping with Fe iron
can induces ferromagnetism in the oxide. Fe doped BaTiO3 (BaTil_-xFexO 3) was chosen
because it grows epitaxially on MgO substrate by pulsed laser deposition. However, the
increasing Fe content also increases the optical absorption. The magneto-optic figure of
merit is defined as the ratio of Faraday rotation to absorption. The experiment data of
BaTilxFexO3 figure of merit in terms of x is shown in Figure 4.7 [71]. BaTio.sFeo. 20 3 has
the highest figure of merit of 3.70 /dB and the calculated absorption corresponding to a
rotation of 450 is 12.1 dB. The optical loss is high for practical application so
ferromagnetic materials with lower optical absorption are desirable.
c I1)"
a,
.. 102
0u
teo0
"E
• .l014,
1 00
S 0.10 0.20 0.30 o0.40 0.50
LL
Iron content x in BaTi1.sFe0,3
Figure 4.7 Magneto-optic figure of merit in BaTil-xFexO 3 as a function of Fe content x [71].
4.4.4 Doped and Dilute Semiconductor Materials
Due to the difficulties in using magneto-optical materials for integrated isolators,
researchers start to explore magneto-optic effect of the materials used in semiconductor
chips. The Verdet coefficient of semiconductors mainly comes from interband
contribution, which is resonant at the band-edge. However, the values of Verdet constants
are small for binary semiconductors, typically range from 10-5 - 104 radA-1. For the case
of GaAs, it would require a current of the order of 10 A flowing in conductor a few 10
gtm to obtain a n/4 rotation [47].
Verdet constant can be increased by introducing ferromagnetic elements into the
semiconductor. MnAs nanoclusters in GaAs (GaAs:MnAs) shows superparamagnetic
properties at room temperature. GaAs:MnAs is obtained by annealing (GaMn)As at 500 -
600 'C has a rotation angle of 0.2 0 /gm at wavelength 980 nm and at field strength of
2000 Oe, which yields 225 jgm length for 450 rotation [72]. It has excellent compatibility
with nonmagnetic III-V heterostructures with a large magneto-optical effect and hence
monolithically integrated with semiconductor laser diodes can be considered. However,
absorption coefficient of the materials is still far beyond the criterion for practical
application. The absorption and magneto-optical properties of GaAs: MnAs are strongly
dependent on its cluster size and [GaAs: MnAs]/AlAs superlattices structure is found to
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provide better control of the MnAs nanocluster size and hence reduce the optical
absorption [73]. At the telecommunication wavelength k=1550 nm, waveguide Faraday
rotation was demonstrated in an InP waveguide with Fe doping [74]. The waveguides
consisted of a 0.5 9tm Ino.71Gao0.29Aso. 628P0.372 core lattice with a 1.0 gtm InP cladding on
both top and bottom. The entire structure was Fe doped. At a magnetic field of 1 T, the
figure of merit of 23 0 /dB was obtained. The magneto-optical performance looks
promising for optical isolator application, but the magnetic field of 1 T is difficult to
achieve in an integrated system.
Dilute magnetic semiconductors normally with a substitution of the group II
element with Mn or Fe could significantly increase Verdet constant. In particular, mode
conversion has been demonstrated in CdlxMnxTe waveguide which was epitaxially
grown on GaAs substrate [75,76]. The waveguide showed an optical loss below 1 dB/cm,
and a magneto-optical figure of merit 200 0/dB/kG at X=730 nm. A recent development in
growth of a graded-refractive-index layer (by varying x, the Mn concentration, with
thickness) at a waveguide boundary has reduced the mode phase mismatch in the
waveguide, and a mode conversion ratio 98% + 2% under a magnetic field of 5kG was
achieved allowing the prospect of practical devices [76].
5. Competitive and Market Analysis
Previous sections provide overview about development history and current status of
integrated magneto-optical isolators. To access the commercialization potential of a
technology, the knowledge of the development trend and status of competitive
technology is essential as well. One category of competition rises from the technology
which tries to utilize other means rather than the Faraday effect to provide optical
isolation; the other comes from the technology that tries to get rid of using optical isolator
all together by realizing reflection resistant devices.
5.1 Competitive Waveguide Optical Isolators
5.1.1 Nonreciprocal Loss Optical Isolators
A novel concept for integrating optical isolators for better compatibility with III-V
semiconductor materials was proposed by Takenaka and Nakano [77] and by Zaets and
Ando [78] in 1999. This optical waveguide isolator basically is a semiconductor optical
amplifier (SOA) with a ferromagnetic metal contact very close to the active region.
Figure 5.1 shows a schematic layout of the waveguide optical isolator for TM mode. To
operate the device, an external magnetic field is applied so that the ferromagnetic metal
layer is magnetized transverse to the light propagation direction. This induces a non-
reciprocal shift of the complex refractive index of TM mode due to MO Kerr effect in the
ferromagnetic transition metals. This phenomenon is called nonreciprocal loss that the
propagation loss of light is larger in backward than in forward direction [77, 78].
Isolation behavior is achieved by the difference in optical propagation loss in the opposite
directions. The amount of the MO Kerr effect is related to the amount of guided light that
overlaps the lossy MO layer. The SOA compensates for the forward propagation loss that
the net loss for forward propagation will be zero. Under these conditions, the device is
able to act as an optical isolator.
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Figure 5.1 Schematic layout of a two-dimensional cross section of the nonreciprocal loss
waveguide optical isolator [79].
The first example of the nonreciprocal loss isolator was reported by
Vanwoleghem et al. [80, 81]. The device consists of an InGaAlAs/InP MQW active layer
with a ferromagnetic CoFe layer and operates in 1.3 gm TM mode. According to Postava
et al. [79], two important factors are essential to experimental success: a high quality
ferromagnetic MO metal-semiconductor interface and a high quality active
semiconductor gain region. In this case, the MO metal needs to fulfill three functions: to
be a good ohmic contact for SOA, to be a good permanent magnet in the transverse
direction, and to possess a strong MO constant in telecommunication wavelength range
of 1300-1600 nm. MnAs has been used instead of ordinary ferromagnetic metals (Fe [83]
or CosoFeso [81]) for lower contact resistance with SOA [82]. Though the Currie
temperature of MnAs is a little low at about 40 'C, it can be used in photonic circuit
because such circuits are generally used at controlled temperature to operate laser diode
stably. TE mode waveguide isolators have also been experimentally demonstrated by
aligning the magnetization vector of the magneto-optical material (Fe) parallel to the
magnetic field of the TE mode light, i.e. perpendicular to the waveguide [82, 83, 84]. The
best isolation ratio (nonreciprocal loss) reported so far are 14.7dB/mm for TE mode for
1.3 jm wavelength [84] and 9.9 dB/mm for 1.55 gim wavelength [81]. Right now the
forward propagation loss, about 7.1 dB/mm is still way beyond the limit for practical
application. This device requires current injection for active operation, but it is promising
for semiconductor waveguide optical isolators monolithically integrated with laser diodes
if insertion loss can be reduced below 1 dB/mm.
5.1.2 Non Magneto-Optic Isolators
The simplest idea of optical isolation is using cascaded coupler as depicted in Figure 5.2.
A planar optical isolator is formed within the silicon surface layer of an SOI structure
[85]. A forward-directed signal is applied to an input section of the isolator and thereafter
propagates through a coupling region into an output waveguide section. A reflected
signal enters via the output waveguide section and is thereafter coupled into the
waveguide, where it functions to couple only a small amount of the reflected signal into
the input. Therefore, a nonreciprocal isolation is achieved. By using N way directional
couplers (with one output waveguide, one input waveguide and N-l terminated isolating
waveguides) and cascading a number of such planar structures, increased isolation can be
achieved. This isolation scheme is simple and easily integrated with any semiconductor
system. However, to have a high isolation ratio for practical application, the device is
going to be long and insertion loss of the coupler will scale with the waveguide length.
Hence there are no commercialized devices yet.
Figure 5.2 Nonreciprocal isolator by cascaded directional coupler (after [85]).
Reflection
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Another novel ideal to implement waveguide-type isolators in III/V materials was
proposed in 2005 [86]. This device consists of a single-sideband electrooptic modulator
where traveling electrical waves make the transmission direction-dependent. Traveling
waves consisting of electrical ac signals are needed to break the symmetry between the
propagation directions and thereby configure it to behave as an optical isolator. As shown
in Figure 5.3, the single-sideband electrooptic modulator contains two traveling wave
Mach-Zehnder modulators with electrode length L. Two of these modulators form a
Mach-Zehnder superstructure. This superstructure has quadrature control electrodes in
both arms for active phase control. Isolation of 30 dB was obtained with excess insertion
loss of 8 dB [86].
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Figure 5.3 Traveling-wave single-sideband (TW-SSB) isolator [86].
5.2 Market Analysis
5.2.1 US Patents Related to Integrated Optical Isolators
According to my personal statistics, there are 14 US patents (Table 1) directly related to
magneto-optical isolator in waveguide or integrated form and 6 US patents (Table 2) for
non-magnetic waveguide optical isolator.
Structure Related Patents
Year Patent # Title Assignee
..................... ...   . ............................. . ..  .. .... , . .... ....... .  . . ............................... ..  ..  .. .. ..  ..  .... . . ... ........... . . . .. .. . . .. . .. ... . .... ..
1 2007 5598492 Metal-ferromagnetic optical waveguide
isolator
2 2006 7043100 Polarization independent waveguide optical
isolator and circulator
3 2006 7130494 Magnetically active semiconductor
waveguides for optoelectronic integration
4 2005 6943932 Waveguide mach-zehnder optical isolator
utilizing transverse magneto-optical phase
shift
5 2005 20050089258 Integrated optical isolator
6 2005 20050094923 Integrated optical isolator using multi-mode
interference structure
7 2003 6535656 Planar-type polarization independent optical
isolator
8 1992 5078512 Unidirectional mode converter and optical
isolator using same
9 1992 5101469 Light isolator of waveguide type
10 1991 5058971 Planar optical isolator
11 1991 5031983 Apparatus comprising a waveguide magneto-
optic isolator
US Department of the
Army
E. I. du Pont de Nemours
and Company, US
MIT
Columbia University
Korea Institute of
Science and Technology
Korea Institute of
Science and Technology
Corning Incorporated
Agency of industrial
science &Technology,
ministry of international
trade & industry, Japan
Canon Kabushiki Kaisha
US Philips Corp.
AT&T Bell Lab
Materials Related Patents
Patent #
7006289
Title Assignee
Magnetooptical isolator material MIT
2 2006 7102171 Magnetic semiconductor material and
method for preparation thereof
3 2002 6348165 Semiconductor magneto-optical material
Japan Science and
Technology Corporation
Agency of ind ustri•a
science &Technology,
ministry of international
trade & industry, Japan
Table 1 US patents related to integrated magneto-optical waveguide isolators
Year
1 2006
........... .............................  .............. ....................................................................................................................-.......................
Year Patent # Title
1 2007 7164823 Optical isolator using photonic crystal
2 2007 7228023 Planar non-magnetic optical isolator
Assignee
Samsung Electronics Co.,
Ltd
Intel Corporation
3 2006 7113676 Planar waveguide optical isolator in thin
silicon-on-isolator (SOI) structure
Sioptical Inc.
4 2001 6208795 Optical waveguide isolator Sugimura International
Patent & Trademark
Agency Bureau
5 1999 5901258 Waveguide-type optical isolator and
method for making the same
NEC Corporation
6 1994 5463705 Optical waveguide isolation IBM
Table 2 US patents related to non-magnetic integrated optical isolators
In Table 1, among the fourteen patents, eleven of them are structure related and
three are related to novel non-garnet materials compatible with semiconductor for
integration purpose. Before the year 2000, the patents are based on nonreciprocal mode
conversion type and after 2000, all are nonreciprocal phase shifted isolator. As discussed
in section 3, the nonreciprocal phase shifted isolator does not have stringent fabrication
margins and would be promising for industrial manufacturing.
Magneto-optical isolator
Non-magnetic isolator
Structural
Material
Total
Total
Total Industry
11 5
University &
Institute
4
1
5
0
Gov/Agency
2
1
3
0
Table 3 Statistics on patent holders.
From Table 3, we can see that industry holds more than half of the patents (12 out
of 20 - 60%) and the rest patents go to universities and government or government
agency. Companies from Korea, Japan and the US are leading in this field, including E. I.
du Pont de Nemours and Company, Coming Inc., Canon Kabushiki Kaisha, US Philips
Corp., Japan Science and Technology Corp., Sumsung, Intel, Sioptical Inc., NEC, and
IBM. Obviously companies that are interested in the integrated optical isolators wouldn't
limit to the list above.
Besides the two categories of magneto-optical waveguide isolators (nonreciprocal
mode conversion and nonreciprocal phase shift), there are a few more non-magnetic
waveguide isolators structures as described in section 5.1 as well as list in Table 2.
However, up to date there is no commercial version available. Among all these structures,
it is still not clear which one will be successfully integrated with semiconductor devices
and get commercialized first with adequate performance and reasonable cost level.
5.2.2 Emerging of Isolator-free Technology
There is a special kind of competition that is the isolator-free laser technology, which
ultimately competes both in laser and isolator market with existing products. Since 2005,
there have been isolator-free laser product releases with different speeds for
telecommunication applications. Table 4 below provides a summary and details are in
Ref [87, 88].
Eblana Photonics(IreEbla a  Speed Mode Price Application/Temp
(Ireland)
Ethernet, SONET, Fiber2005 2.5Gb/s Single mode $19.00 Ethernet, SONET, FiberChannel (0-85 'C)
2006 3.125 Gb/s x 4 Single mode Ethernet LX4, (0-850C)
2006 4 Gb/s Single mode - Fiber Channel (0-85°C)
Ethernet, Fiber Channel2007 10Gb/s Single mode (-40 - 85C)(-40 -85DC)
Corning Lasertron, ) Speed Mode Price ApplicationInc. (US)
2005 2.5Gb/s Singal mode DFB laser
Table 4 Progress and product releases in isolator-free laser technology
In March, 2007, Oki Electric Industry Co. Ltd. Japan (OKI) achieved optical
isolator free capability through a Gain Coupled DFB laser with improved tolerance of
optical reflection and reduced degradation from relative intensity noise when impacted by
reflected light. With this advance, OKI conducted 25km transmission experiments over
the temperature range where optical modules normally operate (0 - 70'C) and found that
in a state where reflected light (-14dB) was forcefully applied, there was almost no
degradation of reception sensitivity. This confirmed a marked improvement in tolerance
to reflected light, compared to conventional index coupled DFB lasers [89]. This advance
in laser technology will directly influence the demand of optical isolator and create a big
impact on the existing market.
5.2.3 Market Opportunities and Challenges for Integrated Optical Isolator
Optical isolator market $296.3 Million -300 Million
Due the downturn in optical communication in the last five years, there is almost no
increase in the overall optical isolator market according to the number given by
Electronicast and customer data [90]. Majority of optical isolators are for the laser system
application. Currently, lasers are either discrete devices or hybrid integrated onto a
common substrate with other optical components. The monolithic integration lies only
between laser and modulator, such as Electroabsorptions (E/A), Indium Phosphide (InP)
and Mach-Zehnder (M-Z) modulator integration. If the laser is not yet monolithically
integrated, we don't see an urgent demand for monolithic integrated isolator unless the
integration would bring potential benefits: enhanced performance and functional density
or cost effective solutions. With the emerging of isolator-free laser technology, it imposes
more challenges on the market outlook of integrated optical isolators.
From section 3 and 4 we could see that at the current stage, utilizing magneto-
optic effect in waveguide isolator can't compete with bulk device in terms of isolation
performance. Due to the stringent fabrication requirement, the yield is expected to be
extremely low. All of the demonstrated waveguide isolators are still in the laboratory
trial and error stage that there is a lack of practical solution in manufacturing environment.
Currently all the proposed integrated isolator technologies (including those non-magnetic
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isolators) couldn't compete with existing bulk devices in terms of performance and cost,
and that would be the reasons hindering their market penetration.
Driven by the functional and cost requirement, photonic integration or even
microelectronics-optics integration are the trend in technology development. Optical
circuit miniaturization causes devices more vulnerable to reflections due to the small size
under high frequency operation. Therefore, besides laser, more waveguide active devices
such as amplifiers, modulators would require effective optical isolation. Furthermore,
laser sources integrated with CMOS circuit is one of the potential future solutions in
microelectronic circuit. The new market opportunities will open up a huge demand for
on-chip integration of optical isolators.
The cost of bulk optical isolator in telecommunication laser system is about 10
US dollars each on average. It is difficult to estimate the cost of integrated isolator since
its cost will be incorporated with the other optical devices, i.e. laser. If monolithic
integration is successful, we would expect a dramatic drop in price since manufacturing
would be standard semiconductor processes and individual packaging and alignment
processes will be eliminated. Integrating optical isolator on chip is a challenging task. But
once successful, it won't limit to the existing $300 million bulk device market. It fulfills
the requirements in the new applications mentioned above. Also it reduces the overall
cost of laser system, which in turn will shift the demand of telecommunication transmitter
module market.
6. Conclusion
In this thesis, we have examined the current development of on-chip integration of
magneto-optic isolator from different aspects including structural designs in waveguide
form, integration techniques and materials issues.
Bulk isolator utilizes the Faraday effect to achieve 45 o nonreciprocal rotation of
polarization as light travels through the crystal. This effect is severely degraded in
waveguide format due to unavoidable phase mismatches from birefringence inherent in
waveguide, mismatch in materials and growth processes. To reduce the birefringence, it
imposes extremely stringent fabrication requirement which can be done in the laboratory
but is difficult to achieve in manufacturing. A solution to this problem is quasi-phase-
match by periodically reversing the magnetic field. There are several ways to implement
this in the literature for garnet films.
A more naturally adaptable phenomenon to planar geometries, the nonreciprocal
phase shifts effect is promising for integrated isolator, without stringent phase-matching
requirements. TE mode propagation is yet to make a big progress before the development
of viable polarization-independent waveguide isolators.
Hybrid bonding of pre-fabricated waveguide isolator onto laser diode substrate is
technically doable, but it won't eliminate the alignment process or reduce the assembly
cost if the process is not automated. To achieve monolithic integration, high-quality
optically nonreciprocal films must find their way onto silicon or other semiconductor
platforms. Wafer bonding and sputter or other deposition techniques of garnet on
semiconductors are possible solutions. Development of novel non-garnet materials
compatible with semiconductors is already underway. Another approach is to discover
the potential in semiconductors, such as doped or diluted magnetic semiconductors.
Nevertheless, there is ample space for researchers to find alternatives in materials or
growth techniques.
To achieve integration, garnet core propagation waveguide have issues because
the refractive index of garnet is usually much lower than that of semiconductor. It
induces reflection when light propagates through different materials interfaces. Magneto-
optic upper or lower cladding approach is attractive since it allows continuous
propagation in semiconductor core. However, additional attention is needed to enhance
the magneto-optic effect in the cladding, as there is only a small amount of light tail is
interacting with the cladding layer.
Potential competitions are from other form of isolators or even isolator-free
technology. Which isolation scheme will succeed in integrated system is still unclear.
With the potential benefits of the integration, on-chip integrated optical isolators indeed
have good market opportunities in telecommunication, high frequency optical circuit and
even microelectronic-optics circuit in future.
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